
G Fermi National Accelerator Laboratory 

FERMILAB-Pub91/134-E 

ADeterminationofsin~ timthe 

Forward-Backward Asymmetry in p@ 3 ZOX + e+e-X 
Inttxactionsat$i= 1.8TeV. 

The CDF Collaboration 
Fermi National Accelerator Laboratory 

P.O. Box 600 
Batavia, Illimis 60510 

May 1991 

% 
Operstad by Unlvsrsitlss Research Assoclatlon Inc. under contract with the United States Department of Energy 



Fermilab-PUB-91/134-E 

A Determination of sin’& from the Forward-Backward Asymmetry in 

pp + Z”X + e+e-X Interactions at fi = 1.8 TeV. 

F. Abe,tg) D. Amidei, G. Apollinari, (12) M. Atac,(*) P. Auchincloss,(‘*) A. R. Bade@) 

A. Bamberger,(*,=‘) B.A. Bamett,@) A. B ar b aro-Galtieri,(lO) V. E. Barnes,(13) T. Baumann,(6) 

F. Bedeschi,(12) S. Behrends,(3) S. Belforte,(l3) G. Bellettini,(*3) J. Bellinger,(zo) J. Bensinger, 

A. Beretvas,(*) J. P. Berge,(‘) S. Bertolucci,(3) S. Bhadra,(7) M. Bi&ley,(*) R. Blair,(‘) 

C. Blocker,(*) V. Bolognesi,( ‘3) A. W. Booth,(*) C. Boswell,(3) G. Brandenburg,(@ D. Brown,@) 

E. Buckley-Geer(‘3) H. S. Budd,(‘*) A. Byon,(‘3) K. L. Byrum,(30) C. Campagn&,(3) M. Cmpb&l,(3) 

R. Carey,@) W. Carithers,(“‘) D. Carlsmith, J. T. Carroll,(*) R. Cashmore, F. Cerv&,(l~) 

K. Chadwick,(*) G. Chiarelli,@) W. Chinowsky,(lo) S. Cihangir,(*) A. G. Clark,(*) D. Connor, 

M. Contreras,(3) J. Cooper,(*) M. CordelI&@) D. Crane,(*) M. Cur.&&,@) C. Day,(*) S. DeR’Agne&,(“) 

M. Dell’Orso,(‘*) L. Demortier,(3) P. F. Derwent,(3) T. Devliq(16) D. DiBitonto,(17) R. B. Dmcker,(‘o) 

J. E. Elias, R. Ely,(‘O) S. Eno,(3) S. Errede,(‘) B. Esposito,(s) B. Flaugher,(*) G. W. Foster,(*) 

M. Fmklin,@) J. Freeman,(*) H. F~isch,(~) Y. F&i,@‘) Y. Fumyma,(‘*) A. F. Garfinkel,(‘3) 

A. Gauthier,(7) S. G em,@) P. Giametti,(“) N. Giokaris,(‘6) P. Giromini,@‘) L. Gladmy,@‘) 

M. Gold,(1o) K. Goulianos,(‘3) H. Grassmann,(‘3) C. Grosso-Pil&er,(3) C. Habe#‘) S. R. Hahn,(*) 

R. Handler,(“) K. Hara,(‘3) R. M. Harris,(1o) J. Hauser,@) C. Hawk,@31 T. Hes&g,(“) 

R. Hollebeek,(“) L. Holloway,(‘) P. Hu,(‘~) B. Hubbard,(lo) B. T. Htimx4’3) R. Hughes,(“) 

P. Hurst,(5) J. Huth,(*) M. Incagli,(‘3) T. Ino,(‘3) H. Iso,@‘) C. P. Jessop,@) R. P. J&son,(*) 

U. Josh&(*) R. W. Kadel,(“‘) T. Kamon,(“) S. Kanda,(‘3) D. A. Kardelis,(‘) I. Karl&r,(‘) 

E. Kean@) L. Keeble,(17) R. Kephart,(‘) P. K&en,(*) R. M. Keu~,(~) H. Keuteli.m,(‘) 

S. Kim,(‘3) L. Kirsch,@) K. Kondo,(*3) J. Konigsberg,(3) S. E. Kuidmmm,(l) E. Kuns,@) 

A. T. Laasar~en,(‘~) J. I. Lamcwreux,(~~) S. Leone,(‘3) W. Li,(‘) T. M. Liss,(? N. Lockyer,(“) 

C. B. Luchini,(‘) P. Mass,(*) M. Mangan&3) J. P. Maminer, R. Markeloff,@‘) L. A. Markosky,(20) 

R. Mattingly,@) P. McIntyre,@‘) A. Menzione,(‘3) T. Meyer,(17) S. Miio,@‘) M. Miller,c3) 

T. Miiashi,(‘3) S. Miscetti,@) M. Mishina,@) S. Miyashita,(‘3) Y. Morita,@) S. Moulding,(2) 

Submitted to Physical Review Letters, May 13, 1991. 
1 



J. Mueller,(‘B) A. Mukherjee,(*) L. F. N&q@) I. Nakan~,@~) C. Nelson,(*) C. Newman- 

Holmes,(*) J. S. T. Ng,t6) M. Ninomiya, (*8) L. Nodulman,(‘) S. Ogawa,(“) R. Paoletti,(12) 

A. Pan,(*) E. Pare,(“) J. Patrick,(*) T. J. Phillips,(‘) R. Phmkett,(‘) L. Pondrom,(zo) J. Proudfoot, 

G. Puni, D. Quarrie,(*) K. Ragan, G. Redlinger,(3) J. Rhoades,(l”) M. Roach,(19) 

F. Rimondi,(*+) L. R.istori,(12) T. Rohaly,(**) A. Roodman,(3) W. K. Saknmoto,(**) A. Sans~ni,(~) 

R. D. Sard,(7) A. Savoy-Navarro,(*) V. Sca~pine,(~) P. S&labach,(‘) E. E. Schmidt,(*) M. H. SchUb,(*3) 

R. Schwitters,(‘) A. Scribano,(*2) S. Segler,(*) Y. S eiya,(‘8) M. Sekigucbi,(18) M. Shapiro,@“) 

N. M. Shaw,(13) M. SheafF,fzo) M. Shochet,(3) J. Siegrist,(“‘) P. Sinervo,(“) J. !jhha,(a) 

K. %~a,(‘~) D. A. Smith,(“) F. D. Snider,(s) L. Song, (11) R. St. Denis,(6) A. St&&i,(*l) 

G. Suui~an,(~) R. L. Swarta, Jr.,(‘) M. T&4*8) F. T&41i,(‘2) K. T&&3,48) S. Tarem, 

D. Theriot, M. Timko,(17) P. T’ t lp on,(“) S. Tkaczyk,(*) A. Tollestrup,@) J. To~mison,(*~) 

W. Trischuk,@) Y. Tsay,c3) F. Ukegawa,@) D. Underwood,(*) S. Vejcik, III,(~) R. G. Wagner,(l) 

R. L. Wagner,(*) N. Wainer,(*) J. Walsh,@l) ‘I’. !+$tta,(*e) R. Webb,@? C. Wendt,@o) 

W. C. Wester,III,(lo) T. Westhusing, 0’) S. N. White,(“) A. B. Wicklund, H. H. Williams,(ll) 

B. L. Wina, A. Yagil,(*) A. Yamashita,@) K. ~asuoka,(*s) G. P. Yeh,(*) J. Yoh,(*) 

M. Yokoyama,@) J. C. Yun,(*) F. Z&t@) 

The CDF Collaboration 

(1) Arwnne Ndiond Ldomtory, Argonne. lllinda 80439 

(2) Bnndaia Chiveraity, Wdth~m, Mamaahuetta 03334 

(3) Uni*a?*ilu of Chicago, Chiewo, Illin& 60~~7 

(*) Fermi N~tiond Asrelrmtor Lobontory, Bdaeio, lllinoir Bob10 

(5) 206orotori Nariondi di hadi, htiluto Nadonde di Fiaica Nurlrarr, Fmacoti, Italy 

(‘) Haward [mivcdty, Gzmbridpe, Musnchuattr OllSB 

(7) Vnimnity of Illin&, Ilrlmm, Illinoir 61.901 

(8) The John, Hopkins lJni~c&ty, Bdtimon. M.x&nd 31.~8 

(‘1 Ndiond Laboratory fop High Energy Phynira (REX), Japan 

(lo) L.mJrenrr BerMey Labor.ztory, Berkeley, Califomin 9~730 

2 



(**I Ilnirer&y of Pennqdmnh, Philadelphia, Penneylmnia IS104 

(12) Istituto Nazion& di Finks Nuclewe, U&e&y and Scuoln Nom& Superior of Piaa, I-66100 Pim, IbIg 

03) Pwdur Uniwraily, WIIL Lofaptta, Indimw 47907 

(**) (Iniverniiy of Rorheater, Rorhrater, New York 14637 

(16) RorLefrlkr Unioeraity, New I’m&, Neu, YmL lOOIl 

(la) Rvtprrr Univerrily, Piscotowq, New ,rrrcy 0886d 

(1’) Terra AUM Uniszr&y, College Station, Tmaa 77843 

(W Udmerdy of Tsutuba, T~uktb~, Doreti 506, Japan 

(19) Txfta Univrrrily, Medfoni, Ma~~~rhwett~ 01165 

(10) Unimewitu of Wiscmain, Medimm. Wiaconain 6570(1 

Abstract 

An analysis of the forward-backward asymmetry in Z” decays using data from the 

Collider Detector at Fermilab at 4 = 1.8 TeV yields A FB = (5.3*5.9(stat)io.4(sys))% 

and sin’ & = 0.228~~:~::(stat) f O.OOZ(sys). 

In the Standard Model [l], the neutral current can be defined by a mixture of weak and 

electromagnetic currents with mixing angle 0~: 

JNC = J; _ sin= e,J,E”. 
Ir 

The weak component of the neutral current violates parity, and leads to a charge asymme- 

try in the decay angular distribution of the Z O. This asymmetry depends on the relative 

magnitudes of the weak and electromagnetic components of the neutral current, and hence 

on sin* f&v. In this paper we present a measurement of the forward-backward asymmetry 

in pi --* Z”X + e+e-X events, which probes the neutral current coupling to light quarks 

at the Z” mass scale, and leads to a measurement of sin2 ,?w 

In hadronic collisions, direct efe- pairs are produced by the annihilation of a quark- 

antiquark (44) pair via either a photon or Z O. The angular distribution for p@ + Z”X -+ 
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e+e-X is expected to be asymmetric in cos& where 6 is defined to be the angle between 

the outgoing e+ and incoming Q in the rest frame of the e+e- pair. The forward-backward 

asymmetry is defined by 

A FB = OF - UB 
~FtUB' 

(2) 

where CF = &&~/d(cos@] d(cos8) an CQ = fJdo/d(cos8)] d(cosb). The lowest order d 

cross section has the form [2] du/d( cm@ = A(l+cos2 6)fB cos b and has contributions from 

photon exchange, 2” exchange, and photon-z” interference. The dominant contribution to 

AFB near the Z” resonance comes from Z” exchange. 

We present a measurement of AFB and sin’& using data corresponding to an inte- 

grated luminosity of 4.1 pb-’ from pus collisions at fi = 1.8 TeV collected with the Col- 

lider Detector at Fermilab (CDF). The CDF detector is described in detail elsewhere [3]. 

Briefly, scintillator hodoscopes (BBC) located on either side of the detector identify inelastic 

events. Tie-projection chambers (VTPC) measure the position of the event vertex. A 

drift chamber surrounds the VTPC and measures the momentum of charged particles in a 

1.4 Tesla solenoidal magnetic field. Electromagnetic and hadronic calorimeters extend from 

-4.2 < 7 < 4.2 in a projective tower geometry, where 7 = -ln[tan(13/2)] [4]. A propor- 

tional chamber near shower maximumin the central (1~1 < 1.1) electromagnetic calorimeter 

measures shower shape and position. 

The trigger requires a central electromagnetic cluster with (i) transverse energy ET > 12 

GeV (ET = E sine), (ii) an associated track with transverse momentum > 6 GeV, and (iii) 

the ratio of hadronic to electromagnetic ET in the cluster (HAD/EM) < 12.5%. 

We require each Z” event to have one electron in the central region, where there is good 

momentum determination, so that the charge of at least one electron and the sign of cosb 

can be determined, and a second electron with 1~1 < 3.5. Both electron clusters must be 

located away from calorimeter edges so that their energies are well measured. The event 

vertex is required to be within 60 cm in the I direction of the nominal interaction point. 

One central electron is required to have (i) ET > 15 GeV and lateral energy sharing in the 
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calorimeter towers consistent with an electron shower, (ii) the ratio of cluster energy to track 

momentum E/P < 1.5, (iii) a shower in the strip chambers with a profile consistent with 

an electron shower and cent&d position within 1.5 cm in the 4 direction and 3.0 cm in the 

z direction of the extrapolated track, and (iv) isolation I < 0.1, where I = (EC - ET)/Ec, 

EC being the total transverse energy in a cone in ~-4 space of radius 0.4 centered on the 

cluster. 

The second electron is required to have (i) ET > 15 GeV, (ii) I < 0.1, (iii) if in the central 

region, E/P < 1.5, (iv) if in the plug region, HAD/EM < 0.05, transverse energy profile 

consistent with test beam electrons, and a track in the VTPC, (v) if in the forward region, 

HAD/EM < 0.05 and longitudinal energy profile consistent with test beam electrons. 

We take as OUT Z” sample the 252 events with 75 < AZ.. < 105 GeV. The background 

from QCD processes is estimated from studies of isolation to be 7 f 3 events. If this 

background is symmetric in cos8, the observed asymmetry is reduced by 3% of itself, The 

background from 7 pairs is estimated from Monte Carlo to be less than 0.5 events. The 

background from W + jet - ev + jet in which the jet fakes a second electron is estimated 

to be less than 0.4 events. 

Due to QCD processes, Z”‘s are produced with momentum transverse to the beam 

direction, pg. In this case, the p and p are not collinear in the e+e- rest frame, and the 

quark directions are not the p or p directions. We adopt the method of Collins and Soper 

[5] in which CCJS b is measured with respect to the average of the p and -p directions in the 

e+e- rest frame. This introduces a small, p$ dependent smearing of the measured angular 

distribution. In this method, we assume all quarks are valence quarks, i.e. the q comes 

from the p and the 4 from the p. The small contribution in which the p comes from the 

p (approximately 10% of the cross section) gives an asymmetry opposite to that from the 

valence quarks. This contribution is included in our calculation of sin’ 0~ below. 

The angular distribution dn/dcos 4 is plotted before acceptance corrections in Figure 

la. It has the predicted parabolic shape except at large 1 cos6l where the electron ET cut 
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AAFB UAFB Asins0w usin’& 

QCD Background +0.14% 0.06% -0.0004 0.0002 

In L fitter 0% 
Electron Trigger 0% 

Track Reconstruction 0% 
Electron Selection 0% 

Energy Scale 0% 
p: spectrum +0.14% 

QED Corrections 
Weak Corrections - 

Parton Distribution - 

0.26% 0.0 0.0008 
0.23% 0.0 0.0006 
0.19% 0.0 0.0005 
0.10% 0.0 0.0003 
0.03% 0.0 0.0001 
0.09% -0.0004 0.0003 

-0.0014 0.0014 
-0.0013 0.0002 

0.0004 

Table 1: Corrections and systematic uncertainties for AFB and sin’ & 

reduces the acceptance. Figure lb shows a plot of (l/o)dc/d cos ti corrected bin-by-bin for 

acceptance, using the ISAJET (61 Monte C ar o and a simple detector simulation. 1 

We use a log likelihood fit to determine AFB; the result does not depend on the angular 

dependence of the acceptance, provided the acceptance is symmetric with respect to cos 8. 

The fit yields AFB = (5.0 f 5.9)%, and is shown in Figure lb. The photon-Z0 interference 

term contributes an asymmetry of approximately 1.5% in our mass region. Using AFB and 

the lowest order cross section with MRSB [7] parton distribution functions we derive the 

lowest order value sin’&&, = 0.231+~:~~~(stat) [8]. 

Systematic uncertainties on AFB and sin’ 8~ come from several sources and are summa- 

rized in Table 1. Bias in the fitting procedure is determined to be less than 0.26% by fitting 

many Monte Carlo data samples. Systematic uncertainties due to trigger, track reconstruc- 

tion, and electron selection are determined by Monte Carlo, assuming the maximum bias in 

the acceptance consistent with the measured inefficiencies. Varying the calorimeter energy 

scales by 5% in the Monte Carlo changes AFB by < 0.03%. 

AFB has contributions from background, p+? smearing, and higher order QED and weak 

processes. We subtract from AFB the contributions from background and p$ smearing, then 

derive sins 8~ from the corrected AFB, 
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The order a. QCD diagrams affect the measured asymmetry by smearing the angular 

z distribution for Z”‘s with large transverse momentum, p,. We estimate the size of this effect 

by convoluting our measured p$ spectrum [9] with a calculation of AFB as a function of 

p$ [IO]. After background and pg corrections, we find AFB = (5.3 S 5.9(stat) f 0.4(sys))%. 

The uncertainty on the measured AFB is dominated by statistics. 

We make higher order electroweak corrections in order to estimate sin’&. We integrate 

the order cx3 QED cross section using a Monte Carlo and a simple detector simulation which 

accounts for bremsstrahlung [ll]. Calculations performed for e+e- + q4 [12] are time 

reversed to obtain results for qQ -+ e+e-. After QED corrections we tlnd sins & = 0.229. 

The uncertainty in the QED corrections to sins.& is 0.0014, estimated by varying the 

infrared cutoff. Including the order a3 weak corrections, we find sins& = 0.228. The 

theoretical uncertainty on the weak calculations is 0.0002. 

.There is an uncertainty in the ielative contributions of II valence quarks, d valence 

quarks, and sea quarks in the proton, giving an uncertainty on sins & of 0.0004, determined 

by integrating the cross section with several different parametrizations [7,13]. We use the 

MRSB parametrization for the final result. 

Our final result, sin’& = 0.228+~:~~:(stat) f O.OOZ(sys), is in good agreement with 

the values sin* & = 0.2291 rt 0.0040 measured by ALEPH [14], sin’ I& = 0.2309 f 0.0048 

measured by DELPHI [15], and sins& = 0.230 f 0.004 measured by L3 [16] from the Z” 

mass and leptonic width, and with the value sins & = 0.233+z:zg measured by OPAL [17] 

from a simultaneous fit to the leptonic cross sections and forward-backward asymmetries. 

The parameter sins& is measured from the asymmetry, and sir? Bwl,.,, = 1 - 

M&/M; [18] from the ratio of the W and Z” masses. We use the Standard Model to con- 

vert our measurement of sin2 i& from the asymmetry into a measurement of sin’ 0w Ima,, 

[19,20]. A plot of sinaB&,,,. derived from the asymmetry as a function of the top mass 

is shown by the solid line in Figure 2, assuming a Higgs mass of 250 GeV (the Higgs mass 

dependence is small); the dashed lines indicate the lo experimental uncertainty. Figure 
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2 also shows the 1~ confidence region derived from recent Z” mass measurements [21,22] 

as welI as a direct measurement of 1 - M&/M; = 0.232 f 0.008[23] determined from the 

CDF W and LEP Z” masses. AFB is not strongly dependent on the top mass; the top mass 

dependence in Figure 2 comes from higher order corrections in the Standard Model incurred 

in the conversion from sin2 0~ to sins BW(,,,.,,. 

In summary, we have measured AFB = (5.3 + 5.9(stat) f 0.4(sys))% after background 

and QCD corrections, and sins& = 0.228f0.‘” o,ols(stat) f O.OOZ(sys) after background and 

radiative corrections. The systematic uncertainties are summarized in Table 1. Our mea- 

surement of sins i& is consistent, both without and with order a3 radiative corrections, 

with previous measurements of sin’ 8~ at the Z” mass. Our measurement of sin’ l?w Ima,* 

from the asymmetry is consistent with measurements of sins B~l,,,,,,, from the W and Z” 

mass ratio over a broad range of top quark masses. 
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Figure 1: Angular distribution of electrans (a) before and (b) after acceptance corrections. The solid line is 

the result of the likelihood fit. 

Figure 2: The solid line shows the central value of sin’ Owl,.,. derived Lam the asymmetry ~19 LL function of 

the top quark mass; the dashed lines indicate the 1~ experimental uncertainty. The dot-dashed lines shaw 

the la uncertainty on sin’ Owl,,.. detemdned fr am Z” mass measurements. At right is the CDF value from 

1 -M&/M; 1231 
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